This work deals with the bacterial contamination of yeast, both as biofilm and in the planktonic phase. A model continuous system using self-fluorescent microorganisms was proposed to perform in vivo and in situ studies of a mixed biofilm. The yeast strain was inoculated first while the bacteria were added few days later to mimic a contamination. Supports sampled during the experiment were observed by scanning confocal laser microscopy. The behaviour of the microorganisms in real process conditions was then analysed without any treatment that could modify their physiology and/or damage the community structure. Using image analysis, the characteristics of biofilm development (microorganism ratio, 3D-organisation, growth rates) were studied and compared to the behaviour of the suspended cells in the bioreactor. Based on the biovolumes (volume occupied by each microorganism), the growth rates in biofilm for the bacteria and the yeasts were determined at 0.10 and 0.03 h 1 respectively, while the imposed dilution rate was 0.10 h 1 . Even though the ability of yeast to develop biofilm was demonstrated, its capacity remained very low compared to that of the bacteria which quickly invaded and covered the whole yeast biofilm. This approach makes an original and powerful tool to study the competition phenomena occurring in model biofilms.
Introduction
Biofilms are biological structures developed by microorganisms able to adhere to surfaces. They can be encountered in numerous devices such as medical apparatuses, vessels, pipes, fermentors and membrane bioreactor systems (Totowa et al., 1993; Tapia & Yee, 2006) . Both the global structure and the local organization of biological aggregates depend on several environmental conditions (Donlan, 2002) such as the nature of the colonized surface (Coquet et al., 2002; Yu et al., 2010) , the hydrodynamic forces involved (including shear stresses) (Guillemot et al., 2007) , the medium composition (Guillemot et al., 2006) , the temperature but also on the properties of the microbial strains involved (e.g. adhesion capacities, growth rate) (Vazquez-Juarez et al., 1994; Chandra et al., 2001) as well as the competition or symbiosis occurring between the different species in pluri-species systems (Millsap et al., 2000; Adam et al., 2002) . All these environmental or biological parameters could have an important impact on the development and the organization of the microbial cells and their resulting activities.
Different methods have been developed to study the structure of biological aggregates, but the observations were mainly limited to a top view using scanning electron microscopy (Miura et al., 2007; Boissier et al., 2008) or a side view with optical microscopy (Wakeman, 1994) . Consequently, these methods did not allow local organization of the aggregates to be studied or the localization of each of the species through the bulk of the structure.
Fluorescent dyes such as acridine orange, SYTO9, propidium iodide or fluorescein isothiocyanate-concanavalin (Takenaka et al., 2001; Li et al., 2003; Ivanov et al., 2004) coupled with microscopy have frequently been used to study microbial aggregates. However, these dyes are not specific to a microorganism genus or family, so only global structural analyses can be performed without any differentiation between the microbial species present. Consequently, these stain-based methods were not relevant to our aim to investigate the dynamic microbial contamination of biofilms.
Fluorescent in situ hybridization methods have been widely used in microbial ecology to identify and/or localize microbial strains in complex aggregates (TolkerNielsen & Molin, 2000; Weber et al., 2007; Wilen et al., 2008) . This technique allows both the identification of microorganisms, thanks to the complementarities between the nucleotide sequences of the probes and those of the microorganisms of interest, and the study of the organization, thanks to fluorescence microscopy. However, previous fixing and/or pretreatment steps were required that could modify the real in vivo structures. Thus, these intrusive methods are unsuitable for dynamic in vivo monitoring of mixed biofilms. Moreover, the penetration depth of the DNA probes is extremely difficult to estimate and limits the accuracy of the method in thick structures.
Recombinant microorganisms expressing fluorescent proteins have been developed and exploited since the discovery of the first fluorescent protein in the 1990s. Green fluorescent protein (GFP) was isolated from the jellyfish Aequoria victoria and expressed for the first time in 1994 in Escherichia coli (Chalfie et al., 1994) . Then, different mutations were performed on the protein sequence, and coloured or chemical variants (e.g. time maturation, temperature sensitivity) became available for biologists (Tsien, 1998) . Based on the same principle, other proteins were also isolated from other organisms, expanding the palette of the differently coloured fluorescent proteins, for example, red (Shaner et al., 2005) . Regarding their great thermal and pH stability and as no external substrates or cofactors are required for detection, fluorescent proteins expressed in vivo by microorganisms are useful endogenous markers to monitor and localize microbial populations in situ. The fluorescent cells are easily detected by epifluorescence or confocal microscopy without any treatment. This original tool has been applied to different studies in microbial ecology (Errampalli et al., 1999; Larrainzar et al., 2005) . More recently studies were made of the behaviour of mixed-species biofilms containing fluorescent-labelled marine bacteria (Rao et al., 2005 (Rao et al., , 2010 . In these works, the advantage of using labelled microorganisms to study competition phenomena was underlined. The main difficulties of this strategy were to obtain robust recombinant strains with strong and stable fluorescent protein expression.
In the current work, our objectives were to monitor the development dynamics of a yeast biofilm (a few days old) and the contamination of this biofilm by a bacterial population to characterize and compare the behaviour of each species both in biofilm formation (adherent growth) and in the medium (planktonic growth). To generate a mixed biofilm, two model microorganisms were chosen. The bacterium, E. coli, well known to occur in biofilm, was selected to contaminate a yeast culture. It is known to be a contaminant of numerous industrial products and has been responsible for many infections (Anand & Griffiths, 2003; Oliveira et al., 2011) . It is also used as a control organism for hygiene and faecal contamination. Moreover, the short doubling time of this bacteria and its ability to develop biofilm (Pratt & Kolter, 1998; Yu et al., 2010 ) is particularly interesting for contamination studies. The second model microorganism chosen for this study was yeast, which is different in terms of size, morphology and development. Yeasts and bacteria can be frequently encountered in close association in a wide variety of environments, from soils to food products (Paramithiotis et al., 2006; Wargo & Hogan, 2006; Golowczyc et al., 2009) . The yeast chosen was Saccharomyces cerevisiae, widely used in industry, both in bakeries (Legras et al., 2007) , and in the production of metabolites like ethanol (Mukhtar et al., 2010; Gurgu et al., 2011) or recombinant proteins (Celik & Calık, 2011) . Even though S. cerevisiae is not usually reported to develop thick, mature biofilms like some other yeasts do (Chandra et al., 2001) , this yeast can adhere to different kinds of surfaces, and thin S. cerevisiae biofilms can be routinely obtained (Chandra et al., 2001; Reynolds & Fink, 2001 ). Thus, the yeast culture was run first, and the bacterial inoculation was carried out a few days later when a thin yeast biofilm had become established.
Polyethylene was chosen as the support material for colonization because it is widely used in industry. Moreover, recent studies have shown that it allowed the adhesion of various microorganisms in pure cultures and in complex ecosystems (Seyfriedsberger et al., 2006; Yu et al., 2010) .
In this study, a specific continuous bioreactor system was designed allowing the quantification of both planktonic and adherent growth for the two species. Biofilm growth occurred in an external recirculation loop where operation conditions were controlled and monitored (temperature, shear stress and residence time). Moreover, sterile removal of supports was performed for ex-situ analysis by confocal microscopy.
Materials and methods
Microorganisms (strains, plasmids and culture media)
The strains and plasmids used in the study are listed in Table 1 .
Mineral culture media and inocula
For the co-culture and inocula, a mineral medium was selected containing (4) At the beginning of the 8th day, the hydraulic dilution rate was reduced to 0.10 h À1 to slow down microbial growth.
Continuous experimental set-up for biofilm growth
Microorganisms were grown in a 2-L working volume bioreactor containing 1 L of culture medium (bioreactor + recirculation loop), wrapped with aluminium to protect the cells from the light and to avoid fluorescence quenching ( Fig. 1) . The bioreactor was equipped with sensors for pH and temperature monitoring. The pH was kept constant at 5.0 by addition of NH 3 (14% w/v), and the temperature was regulated at 30°C. Other values followed on line included stirring parameters, pO 2 and airflow. The dissolved oxygen pressure was maintained higher than 20% air saturation by controlling the air flow and the stirrer speed to avoid any oxygen limitation. The dilution rate was kept at 0.20 h À1 during the first 7 days and then decreased to 0.10 h À1 as previously described by adjusting the inlet flow rate; the feed-out pump was controlled by a level regulation device. Biofilm was grown in a system with recirculation loops where rectangular polyethylene plates (8 9 18 mm) were inserted into the pipes for biofilm attachment and growth. It was possible to remove each polyethylene plate individually without disturbing the circulation in the loop system by means of three-way taps. The flow rate in the recirculation loop was selected by making a compromise between a short residence time (to limit the heterogeneity between the bioreactor and the recirculation loop) and moderate shear stress close to the polyethylene plates to limit cell detachment. The local values of the velocity and the shear stress at the surface of the polyethylene plates was estimated by simulation (COMSOL mutliphysics TM ), knowing the size of the polyethylene plates, the diameter of the pipes and the flow rate in the recirculation loop. The shear stress at the surface of the plates remained weak (between 0.03 and 0.04 Pascals) and the velocity of the liquid medium along the surface of the plate was close to 0 m s À1 (Fig. 2) .
Monitoring the growth and the fluorescence expression
Growth was monitored by determining dry cell weight after filtration (using 0.45 lm filters -Sartorius) and drying under partial vacuum (24 h, 200 mm Hg, 60°C). Fluorescence protein expression was quantified in 96-well microplates using a spectrofluorimeter (Bioteck-Synergy HT) at the appropriate wavelength for fluorescence emissions.
Product analysis
Samples taken from the bioreactor were centrifuged at room temperature at 13 000 g for 3 min. Supernatants were then removed and filtered through a 0.2-lm Millipore ® filter, and substrates (lactose and glucose) and products (acids, ethanol and glycerol) were analysed by HPLC (Dionex Ultimate-3000) on an Aminex HPX 87 H column (300 9 7.8 mm Bio-Rad) with 5 mM H 2 SO 4 at 0.5 mL min À1 as eluent and at 50°C.
Image acquisition and treatment
Microscopic observations were performed with a confocal scanning laser microscope (Leica, DMRXA2) equipped with detectors and filter sets for simultaneous monitoring of the different fluorescent proteins expressed (excitation at 488 nm for the yeast expressing the GFP and at 540 nm for the bacteria expressing the DsRed-express protein). The 3D-image reconstruction, the quantification of structural parameters (thickness and/or volume of the aggregates) and the organization, such as localization of microorganisms within the deposit, were studied from microscopic data analysis with the software Volocity ® (Improvision).
Growth rate calculation and biomass conversion yield calculations
The specific growth rate calculation in biofilm was calculated using the biovolume (BV) quantified by image analysis (Volocity software ® ). Each BV was calculated as the mean of three independent measurements on the polyethylene plates. The specific growth rate was calculated as the logarithmic mean of two measurements carried out for two periods of time t1 and t2. Example between t1 and t2:
Specific growth rate in biofilm ¼ ln ðBV 2Þ À ln ðBV 1Þ ½ t2Àt1 with t1 and t2 the sampling times (in hours) and BV1 and BV2 the biovolumes calculated by image analysis for the samples taken at t1 and t2. The specific growth rate in the reactor was calculated as follows: dðXÞ dt ¼ r X À DX where X was the biomass concentration
, r x the biomass production rate (g L À1 h
À1
), and D the dilution rate (h À1 ).
In steady state mode, when the term of biomass accumulation was null ð dðXÞ dt ¼ 0Þ , the specific growth rate l was equal to the imposed dilution rate D.
The biomass conversion yield was calculated as the ratio of the quantity of biomass produced to the quantity of carbon source consumed during a defined period of time.
Y X=S ¼ quantity of biomass produced quantity of carbon source consumed These conversion yields were calculated in previous batch cultures of each species either on glucose for the yeast or on lactose or glucose for the bacteria (data not shown) ( Table 2 )
Results
In a previous work, the pair of microorganisms was selected and validated for simultaneous use without their fluorescent signals overlapping, and each with their own excitation laser and emission filters (Beaufort et al., 2011) . The metabolic and the dynamic behaviour of the recombinant strains were compared with those of wild strains: no significant differences were observed (data not shown). The influence of environmental parameters (aeration and carbon source) on the fluorescent protein expression by E. coli and S. cerevisiae recombinant strains was quantified to maximize the fluorescence emitted by each species.
In this study, a continuous fermentation device was developed to follow both suspended and adherent cell growth (Figs 1 and 2) . It was first inoculated with the recombinant S. cerevisiae PJ69-4A pYGFP strain to develop and stabilize continuous yeast culture. The reactor was fed with mineral medium containing glucose as the sole carbon source (suitable for fluorescence expression by the yeast) at a dilution rate of 0.20 h
À1
. The culture was run for 7 days to favour colonization of the support by the fluorescent recombinant yeast. The steady state for yeast single-species culture was obtained by day 5.
To introduce the fluorescent E. coli bacteria as contaminant on the 7th day, lactose (which is the selected inductor for fluorescence in the E. coli strain used) was added to the medium feed. At the end of the 7th day, when the lactose concentration was close to 8 g L À1 in the bioreactor, the E. coli was introduced (19 mL of a bacterial culture at a concentration of 2 g L À1 of dry cell mass) to initiate bacterial contamination. The dilution rate was then decreased to 0.1 h À1 from the 8th day.
During this period, supernatant samples were analysed to determine the glucose and lactose consumption and metabolite production. The total dry mass of the suspended microorganisms was quantified (pure yeast suspension during the first days or a mix of bacteria and yeast after contamination) (Fig. 3) .
Growth of yeast biofilm on polyethylene plates
To quantify S. cerevisiae attachment and biofilm growth, the polyethylene supports were removed from the recirculation loop (day 4 and day 7) and observed by confocal microscopy (Fig. 4) . On day 4, only a few isolated yeast cells were observed on the polyethylene plates, but by day 7 larger clusters occurred. Moreover, budding cells were observed in the adherent population, which confirmed the growth of the yeast on the support.
The mean biovolume (noted as BV) corresponding to the volume occupied by the yeast adherent to the polyethylene plate was quantified for a surface area of 0.14 mm 2 , allowing the calculation of the specific growth rate that was estimated at 0.02 h À1 between days 4 and 7.
This value indicated both adhesion and new growth. Over the same time period, as the steady state was reached, the growth rate of the suspended cells in the liquid phase in the whole bioreactor (fermentor, pipes and loop) corresponded to the defined dilution rate 0.2 h
À1
. Comparison between the growth rates for the biofilm cells and the suspended cells showed preferential growth of the yeast cells in the planktonic phase.
These results confirmed that the S. cerevisiae strain grown here preferentially grew in planktonic mode but that formation of biofilm on polyethylene was possible, but nearly 10 times slower than in the planktonic phase.
Bacterial contamination of the yeast biofilm
After bacterial inoculation, the polyethylene plates were sampled at the beginning of the 9th and 10th days, and directly observed under the confocal microscope without any chemical treatment. Only a gentle rinse in filtered growth medium was carried out to remove nonadherent cells. Use of the same medium limited chemical impact of any buffer or solution on biofilm organization. Representative images are reported in Fig. 5 (Table 3) . A noticeable difference between the two images can be observed despite a short (1 day) time lapse between the two. This indicated that bacteria colonized the yeast biofilm quickly. The growth rates of each population in the biofilm, calculated from the BV at day 9 and day 10, were 0.03 and 0.10 h À1 for the yeast and the bacteria, respectively. During this period, the steady state in the suspended phase was still not reached, but the hydraulic dilution rate was fixed at 0.10 h
À1
. In these proliferating conditions, these results confirmed that E. coli has a greater aptitude for biofilm development than S. cerevisiae. It is noted that although the yeast BV increased between days 4 and 7 (with a specific growth rate of 0.02 h À1 ), no significant increase was observed between days 7 and 9. Bacterial biofilm began to develop at day 8 -9 at which time the yeast BV started increased again, resulting in a specific yeast growth rate of 0.03 h À1 between days 9 and 10. This increase could be linked to the presence of the bacteria, either by a 'trap' effect in the exopolymeric bacterial structure or by some other positive effect.
A difference in behaviour was also observed for the two strains regarding their development and their organi- Fig. 4 . Images of Saccharomyces cerevisiae PJ69-4A pYGFP growing biofilm (day 4 on the left, day 7 on the right). Each of the small squares on the grid are 37.5 9 37.5 lm. Surface observed in xy = 0.14 mm 2 . Fig. 5 . Confocal microscopic observations of a mixed biofilm of Saccharomyces cerevisiae (green) and Escherichia coli (red). Day 9 (left) day 10 (right). Grid units: 37.5 9 37.5 lm. Area observed: 0.14 mm 2 . zation in the biofilm: while S. cerevisiae cells were grouped in cluster-like structures on the polyethylene plates (Fig. 4) , E. coli carpeted the whole surface in a relatively uniform manner (Fig. 5) . Concerning the bioreactor compartment, the dry cell weight measurements allowed quantification of the global biomass concentration. The specific biomass concentration corresponding to each species was quantified (Table 4) by mass balances and the yield of each species determined previously for pure cultures on lactose or glucose (Table 2) . From these calculations, we determined the behaviour of the two species in the reactor between the 9th and the 10th day based on the distribution of each population in the medium.
The proportion of suspended bacterial biomass increased between days 9 and 10, while the yeast concentration remained constant in the bioreactor. This was confirmed by microscopic observations. As the bacteria were able to consume both lactose and glucose, whereas the yeasts only consumed glucose, competition of the two populations for glucose can be assumed (difference of affinity of each of the strains used for the glucose). These combined phenomena could lead to an increase in the fraction of glucose consumed by the bacteria compared with the yeasts. From the results obtained with the partition of each species in the reactor, their average specific growth rates were estimated between days 9 and 10 and compared with the growth rates calculated previously in biofilm (Table 5) . These results showed:
(1) preferential growth of the yeast in suspension, at a specific growth rate nearly threefold higher than that obtained in biofilm, (2) comparable growth of bacteria in biofilm and in suspension, (3) a noticeable difference in the behaviour of the two strains growing in the biofilm, with an average specific growth rate for E. coli threefold higher than for S. cerevisiae.
Discussion
The images obtained for the yeast biofilm demonstrated that the use of the recombinant S. cerevisiae PJ69-4A pYGFP strain expressing the GFP revealed yeast biofilm development dynamically. The results were in agreement with other works (Chandra et al., 2001; Reynolds & Fink, 2001) reporting that S. cerevisiae could develop as biofilm although other yeasts, such as Candida albicans, are known to form biofilms more readily, producing a profuse matrix (at least 450 lm thick) (Chandra et al., 2001) . The Saccharomyces biofilm obtained here was < 50 lm in depth, and only a few days old. However, as previously observed by Chandra et al., 2001 , the yeast biofilm was patchy.
In our mixed biofilm, the different fluorescent proteins meant that yeast and bacteria cells were easily distinguished. The results are in agreement with those of TolkerNielsen et al., 2000; who followed the growth of a bacterial biofilm composed of two strains of Pseudomonas, one expressing a green and one a red fluorescent protein. Moreover, our observations indicated that the bacteria colonized the yeast biofilm quickly, carpeting the whole surface, as previously reported by Kawarai et al. (2007) .
This difference in biofilm formation could be explained by the lack of exopolymeric substance (EPS) production for the yeast S. cerevisiae (Chandra et al., 2001) , unlike E. coli (Danese et al., 2000; Beloin et al., 2008) . EPS secretion is known to play an important part in the development and the 'consolidation' of thick and mature biofilms (Mudliar et al., 2008) . Moreover, E. coli is known to have cell surface structures (pili, surface proteins) that can play an important part in adhesion phenomena (PrigentCombaret et al., 2000; Van Houdt & Michiels, 2005) .
Our results are in accordance with others studies (Kawarai et al., 2007) that showed that lactic acid bacteria formed a basal layer on a glass slide in a mixed yeast and bacteria culture. However, in our experiment, the yeasts appeared below the bacteria while these authors observed that the yeasts were above the bacteria. But in their experiment, the two strains were introduced at the beginning, while in our experiment, the bacteria were inoculated after 2 days of yeast biofilm formation. The adhesion of yeast to bacteria, even fixed, might be easier than their adhesion to polyethylene because of the biochemical properties of bacteria (external appendices, proteins and EPS production). Moreover, the adhesion of bacteria to polyethylene has been described as classical (Seyfriedsberger et al., 2006; Yu et al., 2010) , which was not the case for yeast adhesion. However, other studies Table 4 . Distribution of bacterial and yeast biomass in the bioreactor on days 9 and 10 % of yeast (dry cell weight) % of bacteria (dry cell weight) (Chandra et al., 2001; Reynolds & Fink, 2001 ) have shown the ability of S. cerevisiae to adhere to different plastic surfaces (e.g. polypropylene or PVC). The two strains co-existed in the biofilm as well as in the bioreactor (liquid phase), but an increase in the proportion of bacterial biomass at the expense of the yeast population between the 9th and the 10th day was observed. Davison & Stephanopoulos (1986) , studied mixed S. cerevisiae and E. coli cultures in a chemostat (dilution rates from 0.20 to 0.37 h
À1
) with glucose as sole carbon source and showed that the prevalence of yeast or of bacteria depended on both the dilution rate and the glucose feed concentration (Davison & Stephanopoulos, 1986) . Nevertheless, under certain specific conditions, balanced coexistence of the two strains was observed.
Competition in biofilms (adherent phase) has been studied by proposing models based on the specific growth rates of each cultivated species (Soda et al., 1999; Khoyi & Yaghmaei, 2005) . Obviously, in our experiment, the maximal growth rate of bacteria was greater than that of the yeast, so faster growth of the E. coli than of the S. cerevisiae was expected in the biofilm. Nevertheless, a potential positive effect of bacterial biofilm on yeast adhesion and development could be suggested. Furukawa et al., 2011 also showed that mixing a strain of Lactobacillus and a S. cerevisiae promoted the formation of a biofilm thanks to direct cell-cell contact, although the yeast strain in single culture did not attach to a surface. Golowczyc et al. (2009) showed that some Lactobacterium kefir strains were able to co-aggregate with Saccharomyces lipolytica thanks to bacterial S-layer proteins that play an important role in this interaction, particularly the lectin-like activity of bacterial surface proteins (S-layer) that appear to mediate aggregation with yeast cells. Another work (Kawarai et al., 2007) related protrusions on the yeast S. cerevisiae that had been in contact with the Lactobacillus or with the bacterial growth medium, which would be necessary to help the yeast stick to a solid surface, thus enhancing the formation of a mixed biofilm.
Thanks to the original approach developed in this study, the patterns of yeasts and bacteria interactions quantified in our experimental conditions confirm observations previously made by different researchers studying biofilms, particularly in the case of infections or for manufacturing fermented products (Paramithiotis et al., 2006; Golowczyc et al., 2009; Martins et al., 2010) .
Different assumptions should now be explored by further experiments modulating the species and strains used, the substrate concentration in the feed medium and the dilution rates, which should result in the modification of the ratio between species as shown by Davison & Stephanopoulos (Davison & Stephanopoulos, 1986) .
Conclusion
The use of the recombinant S. cerevisae PJ69-4A pYGFP strain expressing a GFP and the E. coli BL21 (DE3) star pDsRed-express strain expressing a red fluorescent protein allowed their local quantification in mixed biofilms.
In a continuous pure yeast culture, 3D confocal analyses showed that this strain of S. cerevisiae was able to adhere and to grow over a polyethylene support. The calculations of the BVs of the adherent yeast enabled us to determine an average specific growth rate (0.02 h
À1
) that can be compared with that obtained in the planktonic phase (0.20 h
). This significant difference between the two types of growth (adherent or suspended) emphasized that the yeast grows preferentially in suspension.
Colonization of the yeast-covered support by E. coli rapidly followed its addition to the culture and a bacterial coat soon covered the yeast. It can be assumed that the different physiology of the two species: ability to produce EPS and presence of external appendices for E. coli, can play an important part in this result. This work concludes that there is either a positive effect of the bacteria on yeast biofilm development or 'trapping' of the yeasts in the bacterial exopolymeric structure.
The average specific growth rates for yeast and bacteria can be calculated from the BV using 3D confocal image analysis and substrate mass balances. In the biofilm, the average specific growth rate of the bacteria was more than threefold higher than that of yeast and close to those of the bacteria in the planktonic phase. This confirms the high invasion potential of E. coli for a S. cerevisiae biofilm. These experiments could be replicated with yeast strains forming mature biofilm, to evaluate the invasion ability of E. coli in mature yeast biofilm.
This approach makes a powerful tool to study the competition phenomena occurring in model microorganism biofilms.
